The aim of this case series was to clarify the clinicopathological features of epiretinal membranes (ERMs) that developed in eyes after silicone oil (SO) tamponade to treat rhegmatogenous retinal detachments (RRDs).
Introduction
Some membranous proliferations on the macula, often referred to as epiretinal membranes (ERMs), can cause macular distortion and macular edema resulting in visual impairment and the need for surgical removal. In 1865, Iwanoff 1 first described the abnormal proliferation of cellular membranes on the inner retinal surface.
ERMs develop under various conditions, eg, in normal eyes; in those with retinal detachments, chronic retinitis, or chorioretinitis; in eyes with central retinal vein occlusion and diabetic retinopathy; and after several procedures, such as scleral buckling, cataract extraction, retinal cryopexy, and laser retinal photocoagulation. Most ERMs are considered idiopathic and develop frequently in patients over 50 years of age. Several large clinical studies have reported that clinical prevalence rates range from 7% to 11.8%. 2, 3 ERMs can be composed of glia (astrocytes and Müller cells), retinal
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Tanaka et al pigment epithelial cells, fibrous or myofibroblastic tissue, fibroinflammatory tissue, cortical vitreous, or any combination of these. Since 1962, when Cibis et al 4 introduced silicone oil (SO) for use in retinal surgery, controversy has existed over the role of SO and its potential toxicity. Emulsification is a wellknown phenomenon in SO-filled eyes. Other complications include cataract, band keratopathy, and secondary glaucoma that can potentially reduce visual acuity (VA). [5] [6] [7] [8] ERMs sometimes develop in eyes filled with SO, such as after SO tamponade for proliferative vitreoretinopathy due to rhegmatogenous retinal detachments (RRDs). In the current study, we refer to them as ERMs in eyes filled with SO (SO ERMs). We have experienced difficulty in removing SO ERMs surgically compared with idiopathic ERMs. Minute hyperreflective areas located intraretinally, subretinally, and beneath the ERMs seen on spectral-domain optical coherence tomography (SD-OCT) images were found in eyes in which SO was used as a tamponade. 9 The pathology of SO ERMs has been reported. 10, 11 However, to the best of our knowledge, no clinicopathological study of SO ERMs has been published. In the current study, we compared the clinicopathological features of SO ERMs with those of idiopathic ERMs.
Patients and methods Patients
In the Department of Ophthalmology, Saitama Medical Center, Jichi Medical University, 64 patients (64 eyes) underwent a vitreous surgery to remove SO (5,000 centistokes) instilled during a primary vitreous surgery to treat RRDs. Of these 64 cases treated surgically from July 2012 to March 2014, SO ERMs were found in nine (14%) patients (nine eyes) during an optical coherence tomography (OCT) examination performed 1 day before the surgery to remove the SO ERMs, and they were enrolled as the study group. Twenty-three patients (23 eyes) with idiopathic ERMs served as the control group, and the clinicopathological features of both groups were compared. Patients with other diseases, such as proliferative diabetic retinopathy and uveitis, were excluded from the study.
Clinical examinations
All patients underwent a detailed ophthalmologic examination preoperatively and postoperatively. The gender, age, preoperative and 3-month postoperative best-corrected VAs (BCVAs), and funduscopic and OCT findings were reviewed. The preoperative BCVA was measured, and the funduscopic and OCT examinations were performed 1 day before the surgery to remove the SO ERMs or idiopathic ERMs. The BCVA was measured as the decimal VA and converted to the logarithm of the minimum angle of resolution (logMAR) VA for analysis. We reviewed the OCT findings using Cirrus HD-OCT Model 4000 (Carl Zeiss Meditec AG, Jena, Germany) and measured the thickness of the ERMs on the fovea centralis and the central retinal thickness (CRT).
surgery
One experienced surgeon (AK) performed all surgeries using the Accurus ® 23G surgical system (Alcon Laboratories, Inc., Fort Worth, TX, USA). During the surgeries in the study group, we removed the SO and then the ERMs and the internal limiting membranes (ILMs). During the surgeries in the control group, we removed the ERMs and ILMs. Indocyanine green was used to stain the ILMs. We defined the time required to remove ERMs and ILMs as the duration from touching to removing membranes. The time was recorded on the surgical videos.
Pathological examinations
ERMs obtained during vitreous surgery were examined histopathologically and immunohistochemically. Immunohistochemical (IHC) staining for glial fibrillary acidic protein (GFAP) and cluster of differentiation 68 (CD68) was performed using the avidin-biotin complex technique. Formalinfixed, paraffin-embedded tissues were sliced into 4 µm-thick sections and mounted on silane-coated slides. After the sections were deparaffinized, endogenous peroxidase activity was blocked by incubation with 1% hydrogen peroxide in methanol for 30 minutes. Heat-induced antigen retrieval was performed in 0.01 mol/L citrate buffer (pH, 6.0) for 30 minutes followed by blocking of nonspecific binding with 1% BSA. The slides were incubated with the primary antibody for CD68 (mouse monoclonal antibody, Clone KPI; Leica Biosystems Newcastle Ltd., Newcastle, UK) and GFAP (mouse monoclonal antibody, Clone GA5; Leica Biosystems Newcastle Ltd) at a dilution of 1:500 at 4°C overnight. After incubation at room temperature for 30 minutes with biotinylated anti-mouse immunoglobulin G (Dako Denmark A/S, Glostrup, Denmark) as the secondary antibody, the sections were incubated with avidin/biotin peroxidase (1:200; Vectastain SBC Kit; Vector Laboratories, Burlingame, CA, USA) for 60 minutes. Colorization was performed with diaminobenzidine tetrahydrochloride (SigmaAldrich Co., St Louis, MO, USA).
All slides were counterstained with H&E and dehydrated and mounted with Permount Mounting Medium (Sigma-Aldrich Co. 
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Clinicopathological features of ERMs in SO-filled eyes GFAP-or CD68-positive cells were identified, we used the BZ-X700 digital microscope system (Keyence, Osaka, Japan). One high-resolution image of an entire specimen was created using the image stitching system of BZ-H3XD (Keyence). Quantitative analyses of the GFAP-and CD68-positive regions, which we referred to as the immunopositive regions, were performed using the Hybrid Cell Count Module/BZ-H3C software (Keyence). The entire specimen was marked with magenta, and the immunopositive regions were marked with yellow over it. The color coding of the immunopositive and immunonegative regions can be selected freely in this software. The ratio of the immunopositive areas to the entire specimen was calculated automatically in each specimen.
Outcome measures
The main outcome measure was the pathological findings of the ERMs. Other outcome measures included the preoperative OCT findings, the time required to remove the ERMs and ILMs, and the frequency of intraoperative use of a diamonddusted sweeper (DDS). 
statistical analyses
ethics approval and informed consent
Bioethics Committee for Clinical Research, Saitama Medical Center, Jichi Medical University, approved this study (study number: S17-111), which adhered to the tenets of the Declaration of Helsinki. All study and control participants provided written informed consent for collection of specimens preoperatively. However, the Bioethics Committee for Clinical Research did not require written informed consent from the participants for reviewing their medical records, because all data were anonymized upon collection.
Results
study group
The SO ERM study group included nine eyes (nine patients: six men and three women; Table 1 ). The patient age (mean ± SD) at the time of removal of the SO ERMs was 61.3±9.9 years (range, 38-72 years). The mean preoperative logMAR BCVA was 0.85 (Snellen equivalent, Table 1 Clinical data from study patients and control patients 
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Clinicopathological features of ERMs in SO-filled eyes ( Figure 1A ). The SO ERMs had two layers, ie, a glial cell/ extracellular matrix layer and a sponge-like layer ( Figure 1B) . The latter was composed of an emulsified SO bubble and was found in eight (89%) of nine eyes with an SO ERM but not in the idiopathic ERM group (P0.001, Fisher's exact test; Table 2 ). GFAP is the standard marker of astrocytes. Glial cells immunostained for GFAP were visualized in the idiopathic ERMs and the SO ERMs ( Figure 1C and 1D) . Quantitative analysis indicated that the median area ratio of GFAP-positivity in the SO ERMs was 8.2% (range, 0.5%-26.4%) and in the idiopathic ERMs 15.2% (range, 1.5%-46.4%; P=0.12, Mann-Whitney U-test; Table 2 and Figure 2 ).
CD68 is particularly useful as a marker for the various cells of macrophage lineage. There are few CD68-positive cells in the idiopathic ERMs ( Figure 1E 1.52-0) . The mean postoperative logMAR BCVA at 3 months was 0.62 (Snellen equivalent, 20/80-20/100)±0.42 (range, 1.22-0.08). In the study group, the mean period between SO tamponade and SO ERM removal was 10.6±7.1 months (range, 2-29 months).
Control group
The idiopathic ERM control group included 23 eyes (23 patients: 13 men, 10 women; Table 1 
Pathological findings
H&E staining showed that the idiopathic ERMs had one layer of glial cells and an underlying extracellular matrix Figure 1F ). Quantitative analysis indicated that the median area ratio of CD68 positivity in the specimen was 14.4% (range, 1.9%-49.9%) in the SO ERMs and 0.3% (range, 0%-30.2%) in the idiopathic ERMs (P0.001, Mann-Whitney U-test; Table 2 and Figure 3 ).
OCT findings
OCT showed that the fovea centralis was thicker in the SO ERMs than in the idiopathic ERMs (median thickness in SO ERMs, 104.5 µm; range, 21.8-215.3 µm vs idiopathic ERMs, 17.3 µm; range, 7.4-47.7 µm; P0.001, Mann-Whitney U-test; Table 2 and Figure 4 ). The SO ERMs had two layers; C, D) . The color coding of the immunopositive and immunonegative regions can be selected freely with this software. The ratio of the immunopositive areas to the entire specimen is calculated automatically in each specimen. The region ratio of the CD68-positive macrophages in an SO ERM is significantly larger than in an idiopathic ERM. Scale bars: 500 µm. Abbreviations: CD68, cluster of differentiation 68; ERM, epiretinal membrane; SO ERM, ERM in eyes filled with silicone oil. 
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Tanaka et al the layer on the vitreous side of the SO ERMs had a granular appearance that corresponded to the granulomatous lesions containing emulsified SO, and the layer on the retinal side of the SO ERMs had a patchy appearance that corresponded to the glial cells and extracellular matrix. The median CRT of the SO ERMs was 587 µm (range, 270-648 µm) and that of the idiopathic ERMs was 487 µm (range, 303-734 µm; P=0.042, Mann-Whitney U-test; Table 2 and Figure 4) . Severe retinal edema was found in the SO ERMs that possibly resulted from inflammation.
Surgical findings
The surgical findings indicated that the SO ERMs had two layers, but the idiopathic ERMs had one firm layer. The vitreous side of the SO ERMs was a sponge-like fragile layer; the retinal side was firm. The median time required to remove the ERMs and ILMs from eyes with SO ERMs was 131 seconds (range, 37-247 seconds), and the time to remove from eyes with idiopathic ERMs was 74 seconds (range, 43-109 seconds); the difference did not reach significance (P=0.22, Mann-Whitney U-test; Table 2 ). A DDS was used to remove the layer on the vitreous side of the SO ERM before the layer on the retinal side of the SO ERM was removed in four (44%) of nine eyes, but a DDS was not used to remove the idiopathic ERMs in any eyes (P=0.004, Fisher's exact test; Table 2 ). The retinas in eyes with an SO ERM were fragile because of severe retinal edema.
Discussion
Few studies have reported the OCT findings in eyes with SO tamponade. Chung and Spaide 12 identified intraretinal SO vacuoles using the first-generation OCT and described intraretinal cystoid spaces in one patient who underwent macular hole surgery with ILM peeling and temporary SO tamponade. Errera et al 9 reported minute hyperreflective areas located intraretinally, subretinally, and beneath the ERMs on SD-OCT images in eyes with SO tamponade. The authors concluded that the hyperreflective areas were likely to be very small bubbles of emulsified SO.
In the current study, OCT showed the structures that corresponded to the pathological features in eyes with SO ERMs. A bilayered membrane, glial cell/extracellular matrix layer, and sponge-like layer were found in the SO ERMs; the latter was granular and composed of emulsified SO. OCT showed that the sponge-like layer was on the vitreous side of the SO ERMs and the glial cell/extracellular matrix layer was on the retinal side of the SO ERMs. The current study is the first to describe the presence of a two-layered membrane in the SO ERMs. Since OCT has evolved and can detect minute changes in the vitreoretinal interface, a preoperative OCT examination is imperative for predicting pathological changes in the SO ERMs.
The specimens were so minute that we occasionally lost the orientation when they were embedded in paraffin. In addition, each specimen was partially curled. Therefore, histopathologically, the two layers of the membrane were intermingled but distinguishable based on H&E staining and IHC staining.
Since elastic staining and other immunostaining were not performed in the current study, we could not determine whether the extracellular matrix was genuine collagen. However, Smiddy et al 13 reported that the idiopathic ERMs contained varying proportions of four cell types, ie, retinal pigment epithelium (RPE), fibrous astrocytes, fibrocytes, and myofibroblasts. The extracellular matrix of idiopathic ERMs is composed primarily of collagen, 14 which may have been produced from the RPE, fibroblasts, and myofibroblasts. The preretinal membranes following retinal detachments are inherently different from idiopathic ERMs. Michels 15 estimated that roughly 10% contain vessels, but nearly all idiopathic ERMs are avascular. More importantly, the preretinal membranes after RRDs tend to merge along a spectrum with proliferative vitreoretinopathy. A much better control group would have included ERMs following RRD surgery which were not exposed to SO. However, cases of ERM after RRD surgery without SO tamponade are very rare in our clinic possibly because the premacular vitreous cortex usually is removed meticulously in those cases without SO tamponade.
CD68 immunostaining showed that the macrophages that surrounded the emulsified SO occurred more frequently in the SO ERMs than in the idiopathic ERMs. Quantitative analysis identified significant differences in the immunopositive regions between the two study groups, indicating phagocytosis of the emulsified SO by the macrophages. Heidenkummer et al 10 and Wickham et al 11 reported the presence of macrophages in SO ERMs. The current results supported the findings of those studies. In the current SO ERM group, the mean interval between the last vitreous surgery and SO removal was 10.6±7.1 months (range, 2-29 months). The long-standing emulsified SO was composed of a sponge-like layer that might cause retinal inflammation in eyes with SO ERMs. We did not have a long duration of observation and periodic OCT images in each case. Therefore, we could not evaluate the relationship between the development of SO ERMs and the changes in the foveal thickness. However, it is obvious that the SO ERMs should be removed before the bilayered membranes develop. Removing the SO ERMs required more time than removing the idiopathic ERMs, but the time difference did not reach significance. Surgical removal of the SO ERMs was difficult because the sponge-like layer was fragile, and the underlying retina was also fragile due to inflammation. The vitreous side of the SO ERMs was a fragile sponge-like layer that crumbled easily when grasped; in contrast, the retinal side was firm. Therefore, we used a DDS to sweep the fragile sponge-like layer. After removing that layer, we grasped the firm layer on the retinal side and removed it.
Conclusion
SO ERMs are bilayered membranes. Long-standing emulsified SO formed a sponge-like layer and SO (foreign body)-induced granulation and caused retinal inflammation in these eyes, making surgical removal difficult. A preoperative OCT examination is necessary to identify SO ERMs. We emphasize that the bilayered membrane should be removed carefully, because the retina is edematous and fragile as a result of severe inflammation.
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